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Abstract
The DRAGoN (Drone for Radiation detection of Gammas and Neutrons) project aims to design
and develop a detection system that is placed on an unmanned aerial vehicle (UAV). It rep-
resents an innovative solution for the detection and identification of radioactive materials in a
specific area, thanks to the simultaneous detection and discrimination of gamma and neutrons
(fast or thermal). In this work, a study and a full characterization of the detection system
of the DRAGoN project are presented. In particular, it showed the characterization of the
radioactivity counter mode of the detection system, with the plastic scintillator EJ-276 (size
3”x5”). The parameters studied for the characterization are the energy resolution, the time
resolution, the gamma efficiency, the pulse shape discrimination between photon and neutrons,
and finally, the dead time and the neutron detection response are determined when the system
is under a high gamma rate. The last parameters are very important for the objective of the
DRAGoN project, which is, identify SNM when the system is under a high gamma background.
For a complete assessment of the characterization, Monte Carlos simulations were combined
with the experimental results. Finally, the results obtained in the characterization suggest that
the EJ-276 3”x5” detector perfectly suits the requirements of the DRAGoN project.
Another challenging study carried out in this work was to test the PSD performance of dif-
ferent inorganic scintillators when they are coupled to a SiPM matrix. The replacement of
a conventional PMT by a SiPM matrix in the DRAGoN project will guarantee compactness,
lightness, and lower power consumption, increasing in that way the flight time of the UAV.
From all the detectors tested, the small plastic scintillators with a SiPM matrix showed a com-
plete discrimination, and with the large detectors a discrimination was visible but not a good
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Nowadays, radiation materials or radioactive sources are presented and used in different sectors, e.g.
in industries, for medical treatments or diagnosis. They are made of different radioisotopes and can
emit different types of particles, gamma-rays, alpha, neutrons, or beta particles, and they are char-
acterized by their activity [1]. In particular, there are some radioisotopes considered as a potential
threat to humanity, that is defined by the Nuclear Regulatory Commission of the United States as
Special Nuclear Materials (SNM), they are 235U, 233U and 239Pu [2]. These materials are presented
in civilian and military facilities, mainly in nuclear power plants for electricity production and in
nuclear propulsion vessels. Nevertheless, the illicit trafficking of radioactive materials and SNM has
increased in the last few years, provoking nuclear disasters and risking human lives. The International
Atomic Energy Agency (IAEA) stated that between 1993 and 2019, a total of 3686 radiation incidents
occurred, where 290 were related to illicit trafficking [3]. Other disturbing scenarios occur when ra-
dioactive sources are abandoned in unauthorized places, without following a regulatory control, they
are called orphan sources.
For all these kinds of unexpected scenarios, radiation monitors are placed in the border controls, air-
ports, and seaports, and are used to detect neutron and gamma radiation. In the same way, online
radiation monitors are located around the power plants, where the detectors give information about
a fixed area. Nevertheless, in a moment of natural disaster, for example in the Fukushima incident,
these types of detection systems can fail, leaving a lack of information. When this occurs, mobile
devices with embedded detectors are used with the purpose to monitor or map the area, since the dose
exposition is unknown, without risking human lives [1]. The fast displacement of a UGV (Unmanned
Ground Vehicle) or a UAV (Unmanned Aerial Vehicle) can represent the best solutions for all the
scenarios previously mentioned (nuclear accident, terrorist attack, or an orphan source), thanks to
their compactness and remote-controlled motions, helping to evaluate in an online way the activity,
and the specific location of the material [4]. The mobile detection systems are also used in areas with
a high concentration of natural radioactive material, for the maintenance of particle accelerators or
inspection of nuclear energy facilities.
When this type of monitoring takes place, it is important to locate and detect the source but also it
is very convenient to identify the radioisotopes that are affecting the area. This is the main objective
of the DRAGoN Project (Drone for Radiation detection of Gammas and Neutrons): it aims to design,
develop and characterize a detection system that is placed on a UAV. It represents an innovative
solution for the detection and identification of radioactive materials in a specific area, thanks to the
simultaneous detection and discrimination of gamma and neutrons (fast or thermal) [4]. In particular,
this characteristic allows the detection of SNM, considering that they can be shielded or masked in
a high gamma background. The DRAGoN project is financed by INFN (Istituto Nazionale di Fisica
Nucleare) with a consortium of two Italian universities (Trento University and Padova University). In
particular, the radiation detection system is carried out by the Applied Nuclear Physics group of the
University of Padova.
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The detection system of the DRAGoN project has embedded two solutions, designed to be interchange-
able with the same electronics readout, in order to adapt it for a variety of threats in nuclear security:
a radioactivity counter monitor based on a plastic scintillator (EJ-276 size 3”x5”, it has an excellent
physical hardness, long-term stability of scintillation and optical characteristics). The EJ-276 plastic
scintillator from Eljen Technology is an organic scintillator that has an optimal discrimination perfor-
mance between gamma-ray and fast neutrons, based on the timing characteristics of the signals [5].
And the other solution is a radionuclide identification system, a gamma spectroscopic scintillator with
thermal neutron detection capability, the detector used is an inorganic scintillator (CLLB) from Saint
Gobain crystals [6].
The objective of this work is to perform a complete characterization of the DRAGoN’s detection sys-
tem in radioactivity counter mode (with the plastic scintillator EJ-276, size 3”x5”), in order to assess
its performance and limitations. In particular, the characterization consisted in first determining the
discrimination capability of the detector (between fast neutrons and gamma). Then the gamma energy
calibration, the energy resolution, the time resolution, and the gamma efficiency of the detector were
determined, and finally, in a high-rate gamma background, the response of the detector was deter-
mined in terms of neutron-gamma discrimination and dead time. The characterization was achieved
with the use of different radioactive sources (gamma and neutrons emitters), two photomultipliers
(PMT), and three different digitizers. One of the digitizers under study (Red Pitaya STEMlab 125-
14 [7]), represents the light and compact solution for the DRAGoN setup, thanks to its lower power
consumption and small size (compared to a standard CAEN digitizer [8]).
Another challenging study carried out in this work was to change the readout of the scintillator with
an array of SiPM instead of the conventional PMT, this replacement guarantees compactness and
lower power consumption. However, the replacement represents a difficult task since the conversion of
the light into charge in a SiPM does not occur in a straightforward way, and the pulse shape discrim-
ination technique is based on the reconstruction of the time profile of the scintillation decay. For this
type of test different detectors were studied to compare the response of the detectors with the SiPM
array. Four plastics scintillators with different sizes were used (EJ-276 1”x1”, EJ-276G 1”x1”, EJ-299
2”x2” and EJ-299 0.8”x0.8” [9]), having the smallest ones a better discrimination capability, as it was
expected; and two liquid scintillators (EJ-309 2”x2” and EJ-301 2”x2” [9]). The measurements were
taken with two types of SiPM arrays from AdvanSiD one sensible to the ultraviolet light (NUV-SiPM)
and the other one sensible to the visible light (RGB-SiPM) [10]. The pulse collection and the bias
supply of the SiPM matrices were carried out by a board, which was built by the group of the In-
dustrial Engineering of the University of Trento. The board has an amplification circuit, taking into
account that the amplitudes of the pulses are very short, and an improvement in the discrimination
capability can be achieved when the signals are amplified. In parallel with the experiments, Monte
Carlo simulations using Geant4 have been performed, to compare and verify the experimental results.
Different setups were reproduced with all the detectors and the electronic instrumentation previously
mentioned, with the objective to find the configuration that best suits the needs of the detection
system of the DRAGoN project, which are low power consumption, compactness, lightweight, good




Nowadays, the scintillation process is one of the most used methods in radiation detection. It consists
of the exhibition of luminescence when ionizing radiation passes through the scintillation material.
An ideal scintillator should convert linearly the kinetic energy of the charged particles into detectable
light, the scintillation light should not be attenuated by the same material, also the decay time of the
induced luminescence should be short so then fast signals can be generated and the index of refraction
of the material should be around ∼ 1.5, to allow a good transmission of the light between the detector
and the light sensor (PMT photocathode or SiPM) [11].
Nevertheless, there is not a perfect scintillation material that covers all these features, and the choice
of a scintillator always depends on sacrificing some features for others. In the case of the inorganic
scintillators, the time response is relatively slow but they provide the best light output and linearity.
In contrast to the organic scintillators, the yield of light is less but the time response is faster. Also,
the choice of a detector depends on the type of particle that wants to be detected. The inorganic
scintillators due to their high atomic number and high density tend to be more used for the detection
of photons, while the organic scintillators are preferred for fast neutron detection, because of their
hydrogen content [11].
The luminescence emitted by the material can be divided into different types. The fluorescence process
is the prompt emission of visible light after the material is de-excited, the phosphorescence process
corresponds to light emitted with a longer wavelength and with a longer decay time, and the delayed
fluorescence is the same emission as the prompt fluorescence but with a much longer emission time [11].
2.2 Organic Scintillators
2.2.1 Scintillation mechanism in organic
The fluorescence light in organic scintillators is originated from the electronic transitions that occur
in the energy levels structure of a single molecule. The process of fluorescence can be observed inde-
pendent of the physic state of the molecule (solid, liquid, or vapor), whereas in inorganic scintillators
a crystalline structure is required for the scintillation emission. The organic material is formed by
molecular crystals that are loosely bound by the Van der Waals forces. The structure of an organic
molecule is defined by the electronic structure of the carbon atoms, the electronic configuration of
the ground state of a C atom is 1s2 2s2 2p2, and when the carbon forms a compound, one of the 2s
electrons is excited into the 2p, resulting in the following configuration 1s2 2s1 2p3, these four valence
electron orbitals (one 2s and three 2p) can be mixed and different configurations can be achieved. The
π-electron structure of a molecule has a covalent chemical bond where two lobes of an orbital on one
atom overlap with the two lobes of another atom and this overlap occur laterally. And most of the
organic scintillators are based on organic molecules that have π-electron structures [12].
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is self-absorbed [11].
The efficiency of a scintillator is defined as the fraction of the energy of all incident particles that are
converted into visible light. But only a small portion of the kinetic energy deposited by a particle in
the material is converted into light, the rest is mainly dissipated by lattice vibrations or heat. All
those dissipation processes that represent a loss of the kinetic energy of the particle are considered
quenching. Therefore, at the moment of the fabrication of organic scintillators, it is important to
eliminate those kinds of impurities (e.g. oxygen) that can cause alternate quenching mechanisms for
the excitation energy.
The conversion between the particle energy and the light yield will always depend on the type of
particle and its energy. For most of the organic scintillators, the response of electrons is linear, when
the energies are higher than 125 keV. But in the case of heavy charged particles, the response is not
linear, the response is always less than the incident energy. This is why a different nomenclature is
used to describe the absolute light yield. The term MeVee (MeV electron equivalent) quantifies the
light emission caused by different particles in a specific scintillator. If an electron of 1 MeV deposits
all its energy in the detector it will produce 1 MeVee of light, meanwhile a heavy charged particle will
require more energy to produce the same amount of light [11, 13].
The light response of an organic scintillator to charged particles is proportional to the energy loss










is the fluorescent energy emitted per unit path length,
dE
dx
is the specific energy loss for the
charged particle and S is the normal scintillation efficiency.
















dE = SE (2.3)
This confirms the statement mentioned previously that the light response of the electrons in the organic
scintillators is linear to the energy of the particle. In the other hand when there are quenching effects
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where kB represents a parameter that describes the different responses of an organic scintillator when
an electron or an alpha particle with the same energy pass through the material [11].
2.2.2 Plastic scintillators
A plastic scintillator is fabricated by dissolving scintillating organic molecules in a solvent solution,
that then is polymerized. This leads to being able to manufacture organic scintillators with different
volumes, shapes, and thicknesses. As the material is not expensive, the plastic scintillators are the
best option when big volumes of solid scintillators are needed, and when good position resolution is
needed there is a wide selection of plastic scintillators with small-diameter fiber shapes, that can be
used separated or grouped. In a typical plastic scintillator, radiation damage is observed when there
is a cumulative gamma-ray exposure in the range of 103 or 104 Gy, leading to a degradation of the
light yield [11].
2.2.3 Pulse shape discrimination in organic scintillators
Most of the light emitted in an organic scintillator is coming from the prompt fluorescence process,
which has a decay time of a few nanoseconds, the rest of the light is originated by the delayed fluores-
cence, which has a longer decay time of several hundred nanoseconds, and the emission of this slow
component depends on the nature of the exciting particles. Therefore, with the use of this information,
it is possible to discriminate, and differentiate between neutrons, gammas, heavy charged particles,
etc. The technique that is based on this evidence is called Pulse Shape Discrimination [11].
As previously mentioned the delay fluorescence is coming from those excited molecules that reach the
triplet sate (T1), then gained over time enough thermal activation energy, return to the singlet state
S1, and finally decay to the singlet ground state. Therefore, the intensity of the delayed fluorescence
produced by one ionizing particle must be proportional to the density of the excited molecules in the
triplet state T1, which also is proportional to the density of molecules excited in the S1 state. And
at the same time, the excitation of the molecules to the S1 state depends on the linear energy loss of











is proportional to the delay fluorescence. This is why a greater intensity of delayed light
is observed in heavier particles [11, 13].
In Fig. 2.2 it can be seen the pulse shape obtained when fast neutrons and gammas are detected
with an organic scintillator, the fast neutrons are detected through elastic collision with the hydrogen
atoms, where protons are emitted and are the ones that ionize the material. In contrast, the photons
are detected by electrons that are produced through the Compton effect, this is why the detection of
gammas leads to a less intensity delay fluorescence compared to the fast neutron detection .
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has a higher light yield of 65000 photons/MeV, but it has two long decay time components 0.68μs
(64%) and 3.34μs (36%). Both alkali halide detectors (NaI(Tl) and CsI(Tl)) have high content iodine
(Z=53), something that provokes a high probability of the photoelectric effect, therefore they are
very convenient for the use of gamma-ray spectroscopy, they are available economically in large sizes.
Recently other inorganic scintillators have been developed with shorter decay times (e.g. BGO), but
unfortunately, they have lower light yields, therefore they are useful for timing measurements but they
have a poorer energy resolution [11].
2.4 Photomultiplier (PMT)
A photomultiplier is in charge of transforming the light that is emitted by the scintillator into an
electrical signal. The large number of low-energy photons released by the crystal generates almost
the same number of photoelectrons in the photocathode of the photomultiplier. A photomultiplier
consists of a photocathode, dynodes, and an anode. When the light coming from the scintillator
hits the photocathode, the photoelectrons are generated through the photoelectric effect, these are
accelerated to the first dynode through a potential difference. When the photoelectrons impact the
dynode, additional electrons are emitted, these are accelerated to the next dynode, and so on, the
amplification of the electrons becomes in the order of 107. Finally, all these electrons are collected
in the anode of the photomultiplier, conforming to a current which is ready to be processed by the
electronic nuclear chain [14].
2.5 Silicon Photomultiplier (SiPM)
The silicon as a photodiode is composed of a silicon p-n junction that generates a depletion region,
when a photon travels through the silicon, it transfers its energy to a bound electron, then the electron
has enough energy to move from the valence band to the conduction band, creating an electron-hole
pair. If a reverse bias is applied to the photodiode, an electric field is created in the depletion region
causing the charge to be accelerated toward the anode (holes), in a point where the charge has suffi-
cient kinetic energy, secondary charge pairs are created. In this sense a single photon absorbed by the
silicon will trigger an ionization cascade throughout the silicon volume, the silicon will break down and
it will become a conductive material, amplifying the electron-hole pair into a macroscopic current flow.
Therefore an absorbed photon will be equivalent to a flow of current in a reverse-biased photodiode,
this process is analogous to the ionization discharge that occurs in a Geiger-Muller tube. The current
flowing through the silicon is stopped or quenched using a series of resistors, these resistors limit the
current of the diode during the breakdown, decrease the reverse voltage, stopped the avalanche and
then the diode recharges back to the bias voltage, then the sensor is ready to detect a new photon [15].
If more than one photon is absorbed by a SPAD (Single Photon Avalanche Diode) at the same time,
the response will always be equivalent to the interaction of a single photon. To solve this proportion-
ality problem, the SiPM is composed of a dense array of independent SPAD sensors or microcells,
each sensor having its quenching resistor (see Fig. 4.6 the SiPM array), and able to do independently
the cycle of breakdown, avalanche, quench and recharge of the bias to a value above the breakdown
voltage. When the avalanche process is occurring in one cell, the other cells are ready for the detection
of other photons [15].
The quenching circuit is a series of resistors (see Fig. 4.5), that when the current in the SPAD increases
due to the avalanche, the voltage drops at the quenching resistor, therefore the voltage at the SPAD
consequently decreases, reaching the breakdown voltage and then the bias is restored through the
same resistor, with a time constant or recovery time. The rise time of a SiPM pulse is equivalent to
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the rise time of the avalanche, while the decay time of the pulse, which is the recovery time of the
sensor is determined by the microcell recharge time constant [16], which is
τRC = Cd.(Rq +Rs.N) (2.7)
where Cd is the effective capacitance of the microcell, Rq is the quench resistor of the microcell, N is
the total number of microcells in the sensor, and Rs is any resistance in series with the sensor.
As the capacitance depends on the area of the microcell, the recovery time also depends on the area,
therefore bigger sizes of the microcells longer the recovery time. Furthermore, when the size of the
microcell is larger the charge is greater, in consequence, the amplitude of the pulses is bigger for each
event, so less amplification is required.
The number of visible photons created in the scintillator depends on the energy of the event, then all
these visible photons are absorbed by some of the microcells of the SiPM, creating a flow of current,
therefore the total charge generated in the SiPM is equivalent to the energy of the event. The value
of this total charge can be determined with the following equation
Q = Nfired.G.q (2.8)
where Nfired is the number of activated microcells, G is a gain and q is the electron charge. The total
charge is equivalent to the integral of the pulse. The principal source of noise in a SiPM is caused by
thermal electrons which are created inside the volume, these events are called dark counts, and they
depend on the temperature of the SiPM. Another type of noise is the Optical crosstalk, which occurs
when the carriers are accelerated in the high field, photons in the infrared region can be produced and
later these photons can activate neighboring microcells [15].
2.6 Pulse shape discrimination in organic scintillators
based on SiPM readout
A challenging task is to perform pulse shape discrimination with organic scintillators using SiPM since
the technique is based on the reconstruction of the time profile of the scintillation decay. With a fast
PMT, the conversion of the light is done immediately and in a straightforward way, but with a SiPM
some aspects have to be taken into account, as the number of microcells in the array, the recovery
time of each microcell, and the active area of the SiPM. In a SiPM the output signal is equivalent to
the sum of all the fired microcells, so to get the information of each event, the number of microcells in
the SiPM need to be in the order of the number of photons emitted for each event, for example in an
organic scintillator an e- with 1 MeV produces 10000 photons. Also, the recovery time of the microcells
goes from 10 to 100 ns, therefore the PSD performance could be improved with microcells that have
a shorter recovery time. Furthermore, the active area of a SiPM represents an important parameter
since more light will be collected for each event if the active area is larger, thus discrimination in large
size detectors requires at least an active area larger than cm2 [17].
In Fig. 2.4 it can be seen a comparison of an average pulse coming from a PMT and from a trans-
impedance preamplifier output (SiPM matrix), using a small plastic scintillator EJ-299 0.8”x0.8”. The
PMT signals decay very fast, a decay in the order of ns. On the other hand, the decay of the SiPM
signals is much slower, in the order of hundreds of ns, a delay caused by the recovery time of the
microcells of the SiPM. Nevertheless, with the SiPM it is possible to differentiate between the neutron
and gamma signal, which demonstrates that it is possible to do discrimination with a small plastic
scintillator coupled to a SiPM matrix.
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Figure 2.5: Representation of the FoM for pulse shape discrimination, PSD plot. Figure taken from [13]
2.8 Gamma and neutron efficiency in organic scintilla-
tors
There are two types of efficiencies, absolute and intrinsic efficiency. The absolute efficiency represents
the relationship between the number of counts detected and the number of particles (neutrons or
photons) emitted by the source, it depends not only on the properties of the detector but also on the





where Areaneta represents the area under the curve of the spectrum, tlife is the counting time, and
A(t) is the activity of the source at the time of the experiment [11].
On the other hand, the intrinsic efficiency is the relationship between the number of registered pulses
and the number of particles incident on the detector. Both efficiencies depend mainly on the detector
material, radiation energy, and the thickness of the detector, in the direction of the incident radiation
[11]. In the case of an isotropic source, the relation between the absolute and the intrinsic efficiencies





where Ω is the solid angle of the detector seen from the position of the source.
Since the elemental composition of the plastic scintillators is composed of C and H atoms, and the
volume of the detector is not enough big, there is not a full energy absorption peak in the spectrum,
the photons mainly interact with the material through Compton Scattering. Therefore the response of
the detectors depends on the Compton distribution of the recoil electrons that are inside the detector.



















where T is the kinetic energy of the scattered electron, re the classical electron radius, α = hν/mec
2,
s = T/hν and hν is the initial photon energy [18].
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The maximum value in the Compton events distribution can be shifted to lower or higher energies,
depending on the energy resolution of the detector. When the gamma-rays have mono-energetic en-
ergies, and not multiple dispersion are taking into account, the Compton distribution looks like the
curve (a) in Fig. 2.6, in this case, no Gaussian smooth is applied. Therefore the area under the
curve (a) in Fig. 2.6, which is the sum of all the counts recorded by the detectors is equivalent to the
Absolute Efficiency for Gamma-rays, for a given incident energy.
The response of the neutrons to the organic scintillators is similar to the response of the gamma rays.
The energy distribution depends on the recoil protons that are created by elastic collisions, between
the neutrons and the hydrogen atoms, the distribution for mono-energetic neutrons should go from
zero until the incident energy of the neutrons. Therefore the Absolute Efficiency for neutrons with a
given incident energy is equivalent to the sum of all the events recorded [13].
2.9 Energy resolution and energy calibration in organic
scintillators
The energy resolution and the energy calibration in organic scintillators are closely related since the
response of the gamma-rays in organic scintillators depends on the Compton distribution obtained by






where Eγ is the energy of the incident gamma-ray and me.c
2 is the rest energy of the electron. Never-
theless, the distribution can be shifted to lower energies when the resolution of the detector is poorer.
This effect can be seen in Fig. 2.6, where the theoretical Compton distributions are plotted for an
specific incident energy and with different Gaussian smooth functions. The Gaussian smooth functions
reproduce the overall pulse height resolution of the detector.
As the displacement of the Compton distribution and the resolution of the detector are related, it is
possible to determine the energy resolution of the detector by fitting the spectrum obtained to a the-
oretical Compton distribution. The process consists of first measuring with a high statistic the pulses
of a radioactive source with known gamma energies, then a set of theoretical Compton distributions
with different values of σ is reproduced (σ2 is the variance), and finally by doing a χ2 analysis the σ
that best fit to the data can be obtained.
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Figure 2.6: Computed distributions of Compton scattered events without (a) and with different Gaus-
sian smooth corresponding to 5 (b),10 (c),15 (d) and 25 (e) keV pulse resolution. Figure taken
from [18]
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3.1 Unmanned Aerial Vehicle (UAV)
The selection of the UAV model is an important aspect, taking into account, that the stability has to be
guaranteed depending on the conditions of the wind, as well as the prototype should ensure traveling
with a load greater than 2 kg, which is the weight of the detection system. The UAV prototype
selected has a 6-propellers frame, with 750 KV brush-less motors and a 50 A motor controller. The
control remote is a Pixhawk; and a quad-core processor board is used for the measurements. The
UAV communicates with the GCS (Ground Control System) using a dedicated 2.4 GHz radio link and
with the remote controller, where the fly parameters are settled and the data is streamed to the GCS.
The speed needed for this type of application is low compared to the velocity that the UAV can reach
from 10 to 40 km/h, a parameter that will be optimized in future studies [4].
3.2 Radiation Detection system (RDS)
The RDS focuses on three aspects: the radiation detectors, the electronics readout, and the Data
Acquisition System (DAQ). The radiation detection has two functionalities, one is a radioactivity
counter, using a plastic scintillator (EJ-276), where gamma and fast neutrons are detected, and the
other is a radionuclide identifier using a gamma-ray spectroscopic scintillator with thermal neutron
detection capability (CLLB). Both solutions have the same electronic readout, hence they are inter-
changeable. The electronic readout is composed of one standard PMT (Photomultiplier), that is in
charge of converting the scintillation light into an electrical signal; a digitizer that transforms the elec-
trical signal into a digital signal, which is controlled by an FPGA (Field Programmable Gate Array)
and permits a fast signal processing; and an operating system (e.g. Linux) where the Data Acquisition
can be visualized in a software [4].
Chapter 4
Description of the experimental setup
In this chapter, it is mentioned and described all the materials and instrumentation used for the
characterization and testing of the detectors. The characteristics and properties of the plastic and
liquid scintillators used are given, in the same way, the electronic chain used for the readout and the
characteristics of the sources used for the tests are specified. Finally, in the last part, it is explained
how a simulation of the experiment was performed, with the purpose to complement the experimental
results.
4.1 Inorganic and organic scintillators
4.1.1 Plastic scintillator EJ-276
The EJ-276 plastic scintillator (from Eljen Technology, Texas) has an excellent physical hardness,
it has a good discrimination capability between gamma-ray and fast neutrons, based on the timing
characteristics of the signals (PSD), it has long-term stability of scintillation and optical characteristics
[9]. The physical properties can be seen in Table 4.1.
The response of the detector to the gamma radiation depends on the electrons created in the volume
through Compton scattering, while the response to the fast neutrons corresponds to the energy dis-
tribution of the recoil protons produced by elastic collisions between the fast neutrons and the nuclei
of the hydrogen atoms [4, 5].
In this work, three EJ-276 plastic scintillators (see Fig. 4.1) with different sizes were used one with
a size of 3”x5” and two with a size of 1”x1”. The Ej-276 3”x5” is the one expected to be installed
in the DRAGON project and the smallest are the ones used for the SiPM readout characterization.
One of the 1”x1” detectors has a wavelength maximum emission of 490 nm, which means that it has
more probability to emit green fluorescence (EJ-276G), see in Fig. 4.4 the intensity emission of the
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the manufacturer of 180 ns (50% for γ and 61% for n) and 1080 ns (50% for γ and 39% for n). It has
the capability of measuring gamma-ray, with a good energy resolution. The photons interact with the
material through the following mechanisms: Rayleigh scattering, Compton scattering, photoelectric
effect, and electron-positron pair production. Also, the detector can measure thermal neutrons, which
are capture by the atoms of 6Li of the material, and then these atoms are the ones detected [4, 19]
4.2 Electronic devices
4.2.1 Photomultiplier (PMT)
The photomultipliers used in this work are:
• HAMAMATSU H6559: tube size Dia. 76 mm, photocathode area size Dia. 65 mm (round
shape), spectral response 300-659 nm, anode to cathode supply voltage -2000 V, average anode
current 0.62 mA, gain 1.0x107 [20].
• HAMAMATSU R6233: tube size Dia. 76 mm, photocathode area size Dia. 70 mm (round
shape), spectral response 300-650 nm, anode to cathode supply voltage 1000 V, average anode
current 0.1 mA, gain 2.7x105. Expected to be used in the DRAGON project, taking into account
that the power consumption is less than the H6559 model and also the price [20].
• HAMAMATSU H1949-51: tube size Dia. 51 mm, photocathode area size Dia. 46 mm (round
shape), spectral response 300-650 nm, anode to cathode supply voltage -2500 V, average anode
current 0.7 mA, gain 1.0x107 [20]. This photomultiplier with a smaller size was coupled to the
small detectors (Ej-299 0.8”x0.8”, Ej-276 1”x1” and Ej-276G 1”x1”) [20].
4.2.2 Silicon Photomultiplier (SiPM)
The two types of SiPM arrays used in this work are from AdvanSiD (see Fig. 4.6), one sensible to
the ultraviolet light (NUV-SiPM) and the other one sensible to the visible light (RGB-SiPM), the
photon detection efficiency as a function of the wavelength can be seen in Fig. 4.4. Each SiPM array
is composed of 16 cells, and each cell has 10000 microcells. The main characteristics of the SiPMs can
be seen in Table 4.3.
Table 4.3: Main Characteristics of the NUV-SiPM and RGB-SiPM [10]
NUV-SiPMs RGB-SiPMs
Size: 16.88 x 17.43 mm2 Size: 16.88 x 17.43 mm2
16 channels 16 channels
SiPMs size: 4x4 mm2 SiPMs size: 4x4 mm2
Micro-cell size: 40x40μm2 Micro-cell size: 40x40 μm2
60% Cell fill-factor 1 60% Cell fill-factor
Photon detection efficiency: 43% at 420 nm Photon detection efficiency: 32.5% at 550 nm
Typical breakdown voltage: 26 V Typical breakdown voltage: 27 V
P-on-N silicon technology N-on-P silicon technology
Dark Count Rate: < 100kHz/mm2@ 4V OV Dark Count Rate: < 200kHz/mm2@ 4V OV
Gain: 3.6x106@ Gain: 2.7x106@
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4.3 Light guide
In some experiments it is a challenge to couple the surface of the scintillator to the PMT surface, due
to different area sizes, for these cases, the scintillation light can be conducted through a light guide,
an illustration of a light guide can be seen in Fig. 4.12. A light guide is made of plexiglass, lucite, or
perspex, and it works as an internal reflection, where all the light entering to the guide is guided and
internally reflected by the walls, nevertheless only the light with an angle greater than the Brewster
angle can be transferred through the guide [14]. In this work, some light guides were used in order to
couple the small size of the SiPM to the big scintillators.
Figure 4.12: Light guide
4.4 Radioactive sources
For the characterization of the detectors, different radioactive sources were used. The gamma sources
were used for the energy calibration; and the gamma-neutron sources for the optimization of the
discrimination capabilities. It can be seen in Table 4.5 the information of the sources. The process of
neutron emission in the 241AmBe source, occurs when the 241Am decays to the 237Np (100%), emitting
an alpha particle of 5.49 meV, then this alpha particle is capture by a nucleus of 9Be, the following
reaction takes place: 9Be(4α,1 n)12C, where a neutron is emitted, then the 12C emits a gamma of 4.4
MeV. The 241AmBe source used has a neutron intensity of 2.14x105 N/s (in July 2003). In the case of
the 252Cf, the nucleus experiences two types of decays: alpha decay (96.91%) and spontaneous fission
(3.09%), through the spontaneous fission several neutrons and photons are emitted. The neutrons







For the spontaneous fission of 252Cf, the constant t has a value of 1.3 MeV [11].
Table 4.5: Information of the radioactive sources used
Source Activity (kBq) Date Emission
60Co 383 01/06/2015 gamma
22Na 384 01/06/2015 gamma
137Cs 386 01/06/2015 gamma
133Ba 405 01/06/2015 gamma
241AmBe 3700000 10/02/2003 neutron-gamma
252Cf 2000 03/12/2014 neutron-gamma
4.5 Data Acquisition System
The data acquisition system used in this work was developed for the C-BORD project 3. It is a new
distributed data acquisition system for signals digitized with online analysis capabilities. A DAQ is
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in charge of reading the ADC results coming from the digitizer, but it also allows to control the high
voltage, the power supplies, the temperature, etc. Normally, a DAQ software runs on one computer
limited by the hardware of the computer, but this new DAQ model provides a system with all the
processes split, where the processes can be run separately in different computers, in this way there is
no computational load. The processes are called servers and are run independently, which provides a
versatile function since the different tasks can be activated, inactivated, or modified without disabling
the whole system. The communication between the processes is obtained through network socket [22].
Each process works for a particular task, for example:
• abcd −→ server that allows the communication with the CAEN digitizer
• HIVO−→ where the HV can be controlled
• lmno −→ send the impulses to the graphic interface
• EFG −→ graphic interface, which is in a web server
• spec −→ module that is in charge of doing 2D-PSD plots, etc.
The data of the different digitizers can be read in parallel, using different servers. Particularly in this
work the two digitizers (CAEN DT5725 and RedPitaya) have their servers, and the servers are host
on the same machine, and another computer hosts the HV power supply server. The CAEN digitizer
communication is done through the abcd server, where is possible to get access to the charge integration
of the pulses by changing the parameters in the server (Qlong, Qshort, pregate and pretrigger), or also
it is possible to have the waveform of each pulse. The RedPitaya communication is done through the
abcdrp module, the waveform of the pulses are obtained and then the waps server gives the charge
integrations of the pulses.
4.6 Simulation of the experiment with the Monte Carlo
Method using Geant4
The Monte Carlo Method is a computational algorithm that focused on generating repeated random
samplings to solve a problem that has a probability distribution, it requires a big number of recalcula-
tions before giving the predicted result. The Monte Carlo simulation is widely used in different fields,
including finance, engineering, supply chain, and science. It is very convenient when the system has
many degrees of freedom and the typical resolution method is not very efficient.
Nowadays, the Monte Carlo method is the best approach to simulate the transport of radiation in
matter. The history of the particle is simulated by random steps which are interrupted by the interac-
tion of the particle with the matter, causing a change in its direction, a loss of energy, and at the end,
secondary particles are produced. The probability of all these interaction mechanisms are predicted
by the cross-section, therefore all the relevant physical process and all the type of particles involved
in the interaction must be well described in the simulation. For example, in the case of photons with
energies around keV and MeV, the principal interaction mechanisms are the photoelectric effect, the
Compton scattering, and the pair production.
The Monte Carlo method can be easily applied to systems with complex geometries and different
material media, allowing to reach a simulation that resembles the experimental system. In general,
the assembly of the radiation configuration requires defining in physical and geometrical terms, the
radiation source, the sample that is irradiated, the detection systems, as well as determining the pro-
cesses that are involved, and under the criteria that the user requires.
3Effective Container Inspection at BORDer Control Points
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There are different simulation codes dedicated to modeling radiation transport. The most popular
are GEANT4, PENELOPE, MCNPX, EGS4, and FLUKA. In each code, a stochastic model based on
probability density functions is built by sequentially modeling individual events of a random variable.
All the interactions that each particle undergoes are followed from its origin until its end [13].
In this work the experiment performed was simulated using the Monte Carlo method and the GEANT4
(version 10.7) code. It was done with the purpose to study the properties of the EJ-276 detector. By
matching the energy spectra of the experiment and the simulated spectra, it was possible to give a
better estimation of the angular efficiency of the detector. The version used in this work was the 10.7
of GEANT4, this is a well-known tool that simulates the transport of radiation through the matter,
implemented in C++. All aspects of the simulation are incorporated in the code, including the ge-
ometry of the system, the materials involved, the fundamental particles, the generation of primary
particles, the tracking of particles through materials and external electromagnetic fields, the physics
processes, the response of the detector, the generation of event data, the storage of events and tracks;
and it also contains a visualization of the detector and particle trajectories. All the physical and
theoretical models are based on experimental data [19,23].
The construction of the simulation:
• The construction of the detector is done in G4VUserDetectorConstruction class. Here logic and
physical volumes are defined. A logic volume represents an element that has a composition, a
position and it can contain many volumes inside of it. Then the physical volume represents a
volume that is located inside the logic volume. The shapes and sizes are defined using G4VSolid
(e.g. G4Vbox, G4tubs), the logical volumes are created with G4LogicalVolume, here the mate-
rial, the attributes, and the sensitivity of the detector is defined; and then the physical volume
is constructed with the 4VPhysicalVolume, where the volume is placed and parameterized. In
this work first, a world volume with air was built with a size of 100x100cm2, then the EJ-276
detector was built with a cylinder shape with 70 mm of diameter and 130 mm of height, around
3”x5” (see Fig. 4.13), the composition of the detector was described by giving the density of
the detector which is 1.096g/cm3 and the elemental concentration of C and H (see Table 4.1),
this volume was defined as the sensitive detector. Finally, a plastic with cylinder shape was
constructed surrounding the detector with a diameter of 72 mm, a height of 132 mm, and a
thickness of 2 mm.
• The primary particles are generated using the G4VuserPrimaryGeneratorAction class, where
a specific class must be called depending on the characteristics of the primary particles. For
example for this work the G4GeneralParticleSource (GPS) class was called, the configuration
of the class was performed in a macro, here a punctual and isotropic source was defined, the
position of the source was established in front of one of the faces of the detector at 28 cm (see
Fig. 4.13). The number of events was set as 1x107, and the energies and type of particles
(gamma or neutron) were defined depending on the source of interest.
• The particles and interaction mechanism were defined in the G4UserPhysicsList class, here
two different libraries were implemented G4EmLivermorePhysics for photon simulation and
G4HadronPhysicsQGSP BIC HP for neutron simulation. In the case of gamma, the G4EmLiver-
morePhysics library included: the photoelectric effect, the Compton scattering, the Rayleigh
scattering, and the pair production. And the G4HadronPhysicsQGSP BIC HP library is defined
for the neutrons elastic collision, inelastic collision, neutron capture, and fission.
• To extract important information additional classes can be used. The G4UserSteppingAction
class records the information of the events in each step, while the G4UserTrackingAction class
tracks the particles in a specific moment and stores the information. With these two classes, it





In this chapter, the experimental procedures performed for the characterization of the EJ-276 3”x5”
are presented. The parameters studied are the energy gamma calibration, the energy resolution, the
time resolution, and the gamma efficiency. Moreover, due to the specific applications of the DRAGON
project, high rate tests have been performed. In particular, the system performances in terms of dead
time and the discrimination capability between neutrons and gamma have been considered.
5.1 Gamma energy calibration of the EJ-276 3”x5”
As it was mentioned previously, the response of the gamma-rays in organic scintillators depends on
the Compton distribution obtained by the recoil electrons, therefore it does not exists a photo-peak
that gives a relation between the channel and the energy of the gamma-ray. As a consequence, the
energy of the Compton edge is used for the energy calibration. The Compton edge for each gamma-ray
was determined using Eq. 2.13. See in Table 5.1 the Compton edges of the gamma-rays used for the
calibration.
Table 5.1: Compton edges and gamma-ray energies of the 137Cs and the 22Na




The calibration of the EJ-276 3”x5” detector was performed using two sources (137Cs and the 22Na),
two PMTs, and two digitizers. The PMT(H6559) and the CAEN DT5725 digitizer are used as a
reference; while the PMT(R6233) and Red Pitaya digitizer, are the ones under test, since they are
expected to be used in the DRAGoN project. To compare the performance of the PMTs and the
digitizers, three configurations were performed, where the devices were exchanged. For the calibration,
a simple and empirical method was applied, which consists in assigning the Compton edge energy of
each gamma-ray to the channel where the amplitude of the Compton plateau reaches 80% of its
maximum intensity [24]. In Fig. 5.1 it can be seen a 22Na spectrum of the EJ-276 3”x5” using
the CAEN digitizer and the PMT model R6233 without the energy calibration (counts vs channel)
where the two Compton edges of the 22Na are seen, and the two points used for the calibration are
indicated. The energy calibration obtained is shown in Fig. 5.2, where a power regression was fitted
to the data. As an example in Fig. 5.3 it can be visualized the previous 22Na spectrum but with the
calibration superimposed. The calibration with the RedPitaya configuration appears to be shifted to
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22Na CAEN digitizer PMT(R6233)
Figure 5.3: Energy spectrum of the 22Na using the EJ-276 3”x5”, the CAEN digitizer and the PMT
model R6233
5.2 Determination of the energy resolution
The energy resolution of the EJ-276 3”x5” detector associated with the Compton edges of the 137Cs
and the 22Na energy spectra was determined using the procedure explained in the Section 2.9, briefly
reported here for convenience.
• It started with two measurements for about 16 minutes of the 137Cs and the 22Na sources. The
PMT used was the H6559, and the data was taken with the two digitizers the CAEN DT5725
and the RedPitaya.
• With the simulation, a set of simulated Compton distributions with different values of the energy
resolution were built, changing the resolution (R = σ/L, where L is the value of the Compton
edge associated to an energy gamma-ray) of the Gaussian function from 0.07 MeV–1 to 0.8
MeV–1.
• The 5 maximum intensities of the Compton Edges in each spectrum (experimental and simu-
lated) were selected and averaged.
• With the averages, a χ2 analysis was done between the experimental and the simulated values.
Finally, the χ2 analysis reveals that the best fit occurs when the Compton Edge associated to the
gamma-ray energy of 661.657 keV (137Cs) has an energy resolution of R = 0.112 ± 0.001 for the
CAEN digitizer and R = 0.093± 0.001 for the RedPitaya digitizer. The Compton Edge associated to
the gamma-ray energy of 1274.537 keV (22Na) has an energy resolution of R = 0.103± 0.001 for the
CAEN digitizer and R = 0.079± 0.001 for the RedPitaya digitizer. The Compton distributions of the
experimental and simulated data can be seen in Fig. 5.4.
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5.4 Pulse Shape discrimination (PSD)
To get the best result in terms of particle discrimination the short and long integration windows need




(see Section 4.2.6). The optimization consisted in first measuring a
neutron-gamma source, in particular in this work two sources were measured using different readouts.
One measurement with a 252Cf source for 2.7 hours, the readout was performed with two digitizers the
CAEN DT5725 and the RedPitaya, and with the PMT model H6559. The second measurement with
an 241AmBe source for 1.2 hours, using the CAEN DT5725 digitizer and the PMT model R6233. The
purpose of having three measurements with different readout chains is to get a comparison between
the reference DAQ (CAEN DT5725 + PMT model H6559) and the compact DAQ of the DRAGoN
project (RedPitaya digitizer + PMT model R6233). During the measurement the digitized waveforms
were recorded, each waveform with an acquisition window of around 8 μs.
The optimization of the integration windows consisted in doing an offline analysis: in the energy
spectrum all the events that have energy between 0.9 MeVee and 1.4 MeVee are selected. In fact,
this selection corresponds to the Compton edge associated with the gamma-ray energy of 1274.537
keV (22Na). The events in this energy range are plotted as a function of the PSD, then the FoM
is computed by doing two Gaussian fittings of the neutrons and gamma events, see the fittings in
the right column of Fig. 5.7 and the left column the 2D-PSD, which is the total PSD as a function
of the light output. Then, the optimization is found for the highest value of the FoM by keeping
Qlong constant and changing the value of Qshort. Then vice-versa the Qshort is fixed and the Qlong is
adjusted. The optimized values of the FoM for each situation can be seen in Table 5.2. The pregate
and the pretrigger for the three measurements were set at 10 ns and 100 ns respectively. A complete
discrimination is achieved for the configurations with the CAEN digitizer.
Even though some lead blocks were placed in front of the sources to reduce the number of gamma
rays, the gamma rays show a higher intensity than the neutron (see Fig. 5.7). The neutrons and
gamma-rays emitted by the 241AmBe source reach higher energies compared to the 252Cf sources,
bearing in mind that the 12C emits a high gamma-ray of 4.4 MeV (decay process explained in Section
4.4).
Table 5.2: Comparison between the results obtained for different readout chains regarding the pulse
shape discrimination capability of the EJ-276 3”x5” detector, corresponding to the measurements







CAEN DT5725 PMT (H6559) 140 22 1.3117 0.0007
RedPitaya PMT (H6559) 60 13 1.113 0.001








Upgraded detection assembly based on
SiPM readouts
The combination of a SiPM matrix and a plastic scintillator (with PSD capabilities), can give a
portable and compact fast neutron detection system. This is why in this work a study using SiPM
matrices and different plastic scintillators was performed, with the purpose to substitute in the future
the PMT in the DRAGoN project with a SiPM matrix. This solution will provide a compact and light
setup, and also less power consumption and more stability if the detection system is surrounded by a
high magnetic field.
In this section, it is studied the discrimination capability of five plastic scintillators of different sizes and
two liquid scintillators coupled to a SiPM matrix. A PCB (Printed Circuit Boards) board, developed
by a group from the University of Trento (Section 4.2.3) provides the amplification of the signal and
the bias supply of the SiPM matrix, a study and a test of the board performed by the University of
Trento is shown. Reference measurements of the same detectors coupled to a standard PMT were
performed.
6.1 Study and test of the board coupled to a NUV-SiPM
matrix, using a laser
Due to the quite new application of the SiPM coupled to large size plastic scintillator for PSD purposes,
an important phase of the SiPM study was devoted to the study and realization of the PCB board
readout. The board fulfills two main functions: (1) it connects the 16 pixels of the SiPM array,
where the sum of the signals is performed and the bias voltage is supplied; (2) it amplifies the signal
coming from the anode. The readout of the SiPM and the bias supply follows the sequence, of four
sets connected in parallel, where each set is made up of four single SiPMs connected in series. The
amplification part of the read-out board consists of a trans-impedance preamplifier based on an Ultra-
Low Noise, High-Speed OpAmp (LMH6629), it amplifies the signal 20 times more than its initial value
(Section 4.2.3). The circuit was simulated theoretically and tested illuminating the active area of the
SiPM array with an instantaneous light impulse (width ∼ 4 ns), the impulse can be interpreted like a
Dirac delta function. The pulse registered is in agreement with the theoretical predictions, the same
fast leading edge < 10 ns and the same decay time τd ∼ 100 ns (see Fig. 6.1). The tail in the pulse is
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6.4 Test of two liquid scintillators coupled to a NUV-
SiPM matrix
The PSD performance of two liquids scintillators (the EJ-309 and the EJ-301) was studied when they
were coupled to a NUV-SiPM array. As the liquid scintillators used have higher scintillation efficiency
than the plastic scintillators, the discrimination capability expected must be superior. The digitizer
used for the experiment was the CAEN model DT5725. Measurements of the detectors coupled to a
PMT (model H1949-51) were done in parallel for comparison. The pretrigger was set to 100 ns and
the pregate to 20 ns. The measurements were performed for around 10 min with the 241AmBe. The
values of the FoM obtained for the measurements are seen in Table 6.3, and the 2D-PSD and the PSD
plots can be seen in Figs. 6.7 and 6.8.
Even though the liquids scintillators have the same size as the EJ-299, which is 2”x2”, and only 15%
of the surface of the detector is covered by the SiPM array, the liquid scintillators show a better
PSD performance (see the values of the FoM in Tables 6.3 and 6.1), thanks to their high scintillation
efficiencies. But the liquid scintillators do not represent a good choice for the DRAGoN project, as
they are more fragile.
As far as the EJ-309 is coupled to the NUV-SiPM matrix, its FoM decreases by 38% in comparison
when it is coupled to the PMT, and for the case of the EJ-301, the FoM decreases by 36%. Never-
theless, a complete discrimination is achieved, since both values of the FoM are greater than 1.27 (a
reference value used to determine when there is a complete discrimination, see Sub. 2.7). The EJ-309
detector configuration coupled to the NUV-SiPM matrix was also tested with a light guide, and again
the discrimination was deteriorated, as it happened in the Section 6.2.
The response of the electrons in organic scintillators is linear, but in the case of heavy-charged particles,
the response is not linear. This phenomenon can be clearly seen in the 2D-PSD plots of the liquid
scintillators (Figs. 6.7 and 6.8) where the photon events are showing a linear response, but the neutrons
do not behave linearly, actually, the response becomes lower when the incident energy is increasing.
And those events located in the photon zone, with energies higher than 5 MeV are muons, which are
produced by high-energy cosmic rays in the Earth’s atmosphere.
Table 6.3: Comparison of the pulse shape discrimination capability between two liquid scintillators
using the same readout (NUV-SiPM matrix and PMT model H6559), corresponding to the measure-
ments using the 241AmBe source










EJ-309 2”x2” PMT (H6559) 105 28 2.1403 0.0002
EJ-309 2”x2” NUV-SiPM 207 44 1.3258 0.0002
EJ-309 2”x2” NUV-SiPM Yes 205 44 1.0533 0.0003
EJ-301 2”x2” PMT (H6559) 200 27 2.4080 0.0003




In this work, it is presented a study and a full characterization of the detection system of the DRAGoN
project. In particular, the radioactivity counter mode of the detection system, with the plastic scin-
tillator EJ-276 (size 3”x5”). The characterization of the EJ-276 focused on doing a gamma energy
calibration, then different features of the detection system were determined, as the energy resolu-
tion, the time resolution, the gamma efficiency, the pulse shape discrimination between photon and
neutrons, and finally, it was determined the dead time and the neutron detection response when the
system is under a high gamma rate. Aspects that are very important for the objective of the DRAGoN
project, which is, identify SNM when the system is under a high gamma background.
The determination of the energy resolution consisted in matching the energy spectra of a 22Na source
and a 137Cs source to a simulated Compton distribution. The simulation was performed using the
GEANT4 code, the detector and the source characteristics were set in the code, with the purpose to
reproduce the experiment. The EJ-276 3”x5” was coupled to a PMT model H6559, and two digitizers
were used, the CAEN DT5725 (used as a reference) and the RedPitaya, which is the compact DAQ
of the DRAGoN project. After matching the spectra the Compton Edge associated to the gamma-ray
energy of 661.657 keV (137Cs) the energy resolution obtained was R = 0.112 ± 0.001 for the CAEN
digitizer and R = 0.093± 0.001 for the RedPitaya digitizer. And the Compton Edge associated to the
gamma-ray energy of 1274.537 keV (22Na), the energy resolution was R = 0.103±0.001 for the CAEN
digitizer and R = 0.079± 0.001 for the RedPitaya digitizer. Obtaining a better energy resolution with
the RedPitaya digitizer.
The determination of the time resolution of the EJ-276 3”x5”, consisted in doing a coincidence ex-
periment with a LaBr3 detector. A
60Co source was placed between both detectors and a coincidence
window of 100 ns was set. And the time resolution obtained for the EJ-276 was FWHMEJ–276 =
(0.78 ± 0.01) ns. The PSD capability of the EJ-276 3”x5” detector was tested using three different
readout configurations, the result of the FoM for each case can be seen in Table 7.1, where the FoM
was calculated in an energy range between 0.9 MeVee and 1.4 MeVee. A complete discrimination is
achieved when the CAEN digitizer is part of the readout, while with the RedPitaya a good discrimi-
nation is obtained but it is not an optimal solution. The CAEN digitizer and the PMT model H6559
represent the reference readout. On the other hand, the RedPitaya digitizer and the PMT model
R6233 conformed the compact readout of the DRAGoN project.
Table 7.1: Pulse shape discrimination capability of the EJ-276 3”x5” detector, corresponding to the
252Cf source using three different readouts
Digitizer Light Sensor FoM Error FoM
CAEN DT5725 PMT (H6559) 1.3117 0.0007
RedPitaya PMT (H6559) 1.113 0.001
CAEN DT5725 PMT (R6233) 1.4274 0.0004
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The high gamma rate performance of the detection system was studied by placing the system under
a high gamma background, and in that condition, it was determined the dead time of the detection
system and the neutron detection response. The dead time of the RedPitaya digitizer was measured
as a function of the gamma rate, using the average rate of the CAEN digitizer as a reference. It can
be seen from Fig. 5.10 that the dead time of the RedPitaya has a logarithmic growth as a function of
the gamma rate, and it can be concluded that for a gamma count rate greater than 3 kps there is a
loss of events greater than 15%. On the other hand, when there is a high gamma rate, some gamma
events are counted as fake events in the neutron region of the 2D-PSD plot. The number of fake
events that corresponds to a window time of 30 s, was determined as a function of the mean gamma
rate. As can be seen in Fig. 5.12 there is a significant increase in the neutron region when the mean
rate is seven-time higher than a reference value, where the reference value is 0.18 kHz. A parameter
that must be taken into account in the future, when the DRAGoN project is under a high gamma
background.
For the determination of the gamma efficiency, experimental and simulations results were compared.
The experimental part consisted in measuring a gamma source in different angles with respect to the
detector, changing the angle from 0◦ to 90◦, and maintaining a distance of 28 cm between the source
and the detector. From the results obtained using the three different sources (60Co, 137Cs and 22Na)
a discrepancy lower than 5% was found between the experimental and the simulation results. And the
absolute efficiency of the detection system for all the sources is in the order of 0.2%. For that distance
of 28 cm, the angle between the detector and the source barely affects the absolute efficiency.
In this work, another important study was performed, which consisted in testing the PSD performance
of different inorganic scintillators when they are coupled to a SiPM matrix. The replacement of a con-
ventional PMT by a SiPM matrix in the DRAGoN project will guarantee compactness, lightness, and
lower power consumption, increasing in that way the flight time of the UAV. For the test four plastic
scintillators with different sizes were tested (EJ-276 1”x1”, EJ-276G 1”x1”, EJ-299 2”x2” and EJ-299
0.8”x0.8”) and two liquid scintillators (EJ-309 2”x2” and EJ-301 2”x2”). And two types of SiPM
matrices were used, one sensible to the ultraviolet light (NUV-SiPM) and the other sensible to the
visible light (RGB-SiPM). The pulse collection, the amplification of the pulses, and the bias supply
of the SiPM matrices were carried out by a board, which was built by the group of the Industrial
Engineering of the University of Trento.
From all the tests performed with the plastic scintillators coupled to a SiPM matrix, the best PSD
performance was obtained with the EJ-299 0.8”x0.8” detector coupled to a NUV-SiPM matrix, where
a complete discrimination was achieved, with a value of the FoM equal to 1.2648 ± 0.0003. And the
EJ-276 1”x1” coupled to a NUV-SiPM matrix gives a good but not a complete discrimination where
the FoM was equal to 1.0128± 0.0003. In both cases, a large part of the detector face was covered by
the SiPM matrix, ∼87% and ∼60% respectively, thus allowing more light to be collected. However,
the rest of the plastic scintillators coupled to a SiPM matrix did not provide a good PSD performance,
the EJ-299 2”x2” provided a FoM of 0.4337 ± 0.0007 and the EJ-276 3”x5” a FoM of 0.237 ± 0.001,
values that are lower than 1, which is a reference value, and it is not possible to guarantee good dis-
crimination. As they are large detectors the light produced by each event could be attenuated inside
the detector, also the SiPM matrix only cover a small portion of the detector faces, 15%, and 7%
respectively, thus the light collected for each event is less. Nevertheless, a large detector is required
for the radioactivity counter mode of the DRAGoN project, since a detector with a good detection
efficiency is needed, and the efficiency increases with the size of the detector.
The EJ-276G 1”x1” detector was tested with two types of SiPM matrices, but for both situations,
the FoM does not guarantee a good discrimination. When the detector was coupled to the NUV-
SiPM matrix the FoM obtained was 0.8609 ± 0.0006 and with the RBG-SiPM matrix the FoM was
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0.693 ± 0.001, for the last one the value of the dark count rate is higher, this could explain why the
FoM is lower. However, the EJ-276 1”x1” coupled to a NUV-SiPM matrix has given a better PSD
performance.
The test of the two liquid scintillators coupled to a NUV-SiPM matrix provided a complete discrim-
ination. Despite they are large detectors they have higher scintillation efficiency than the plastic
scintillator, therefore more light is produced for each event. The FoM obtained with the EJ-309 2”x2”
was 1.3258± 0.0002 and with the EJ-301 2”x2” was 1.5336± 0.0001. Even though the liquid scintil-
lators provide a better PSD performance they do not suit the needs of the DRAGoN project, because
they are more fragile.
The large detectors were also tested with a light guide, the light guide was placed between the faces
of the detectors and the surface of the SiPM matrix. It was done with the purpose to collect with the
light guide more light for each event. But, the results obtained showed that with the light guide the
PSD performance got worse, and it could be happening because the round face of the light does to
match with the square surface of the SiPM, thus causing a greater loss of light.
In conclusion, in this work, it was performed a complete characterization of the DRAGoN detection
system in radioactivity counter mode (the EJ-276 3”x5” plastic scintillator). The detector was tested
with the compact and low power consumption DAQ, which fits the needs of the DRAGoN project.
With the results obtained it can be concluded that the technical characteristics of the detection
setup satisfy the requirements of the Dragon project. Nevertheless, an upgrade of the detection can
be performed in the future. (1) The PMT could be replaced by an arrangement of more than one
SiPM matrix, covering in than way a larger area of the detector, thus increasing the discrimination
capabilities of the system. (2) The arrangement of the SiPM arrays can be performed in coincidence,
and then the pulses registered in coincidence can be summed, collecting in that way more light for each
event. (3) The RedPitaya digitizer could be programmed to integrate the pulses and then gives the
desired parameters, hence the system would be faster and the dead time would be deleted. (4) And
the data analysis can be improved, for example before integrating the pulse a Fast Fourier Transform
could be applied to the pulses, in this way the charge integration could be more precise.
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